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Abstract Visualization of electron delocalization and aromaticity in
some selected arynes, including nonplanar examples, and their Diels—
Alder or dimerization reactions was achieved through multidimensional
isotropic magnetic shielding contour maps. These maps showed that
arynes are generally less aromatic than the corresponding arenes, and
that aromaticity peaks during their reactions when approaching the
transition state.
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ortho-Arynes, herein referred to as arynes, are import-
ant tools in synthetic organic chemistry for the synthesis of
partially or fully aromatic molecules. The synthesis of some
complex natural products was enabled by arynes,! and they
have also proven useful for the synthesis of large polycyclic
aromatic hydrocarbon molecules.? Arynes are electrophilic
reaction intermediates that easily undergo addition reac-
tions with nucleophiles, and cycloaddition reactions with
unsaturated molecules. Arynes are strained short-lived spe-
cies that must be generated in situ, usually through the or-
tho-elimination of a suitable aromatic precursor.?

Previous theoretical analyses of the electronic structure
and aromaticity of benzyne (1) using magnetic criteria
showed that it is aromatic and better described as an acety-
lene- rather than a cumulene-containing molecule.* Mag-
netics in a few other arynes were also investigated, which
led to comparable conclusions.’ It should, however, be kept
in mind that the traditional Lewis structure of arynes with
a triple bond is an oversimplification of their electronic
structure. Electronically, planar arynes have two distinct 7-
systems that do not overlap: a 6w [or more generally a
(4n+2)m]-aromatic system made of six (or more) overlap-
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ping p-orbitals as in benzene (or larger polycyclic aromatic
hydrocarbons), and a 2n-reacting system oriented in the
molecular plane, perpendicularly to the aromatic 7-system,
made of two weakly overlapping sp>resembling orbitals.
This weak overlap is, in part, responsible for the high chem-
ical reactivity of arynes.

The calculation of nucleus independent chemical shift
(NICS) provides an indirect yet reliable evaluation of aroma-
ticity in molecules.® Isotropic magnetic shielding (IMS or
Ois) is the negative of isotropic NICS calculations [IMS = -
NICS;;, = (04 *+ Oy + 0,,) [ 3]. It averages properties in the
three directions of space and can be applied to any molecu-
lar system independently of the spatial arrangement of its
atoms. Herein, it is proposed to visualize electron delocal-
ization and aromaticity in benzyne and three larger arynes,
including contorted ones, using 2D’ or 3D8 isotropic mag-
netic shielding (IMS) contour maps. The variations in aro-
maticity during some archetypal cycloaddition reactions of
these arynes were also examined. The resulting contour
maps of electron delocalization provided pictorial intuitive
yet detailed and quantitative evaluation of (anti)aromaticity
in arynes and their reactions.

All calculations were performed with the Gaussian 16
package.® Optimizations of geometries were performed in
the gas phase without symmetry constraints using the
MO06-2X-D3(0)/cc-pVDZ level of theory for the results in
Figure 1, Figure 3, and Figure 4, and using the UM06-2X-
D3(0)/cc-pVDZ level of theory for the results in Figure 2,101
The corresponding .xyz files are provided as Supporting In-
formation. Analytical Hessians were computed to confirm
that the optimized geometries are indeed minima (zero
imaginary frequency) or transition states (one imaginary
frequency). NMR-GIAO'? calculations of IMS were per-
formed at the (U)B3LYP-GIAO/6-311++G(d,p)"? level of the-
ory. The 2D IMS contour maps were generated in a plane lo-
cated 1 A above the mean plane defined by the C atoms of



the considered aromatic system,” while 3D IMS contour
maps were generated on a surface made of 1 A radius
spheres around all atoms, including some artificially intro-
duced dummy atoms at specific locations.? Interpretation of
the 2D and 3D IMS contour maps is intuitive: color becomes
darker with an increase of the absolute value of IMS with
blue indicating an aromatic character (positive IMS), and
red indicating an antiaromatic character (negative IMS).
Dark blue rings indicate plain aromaticity as in benzene
(see example in Figure 1, a). The 3D IMS contour maps are
interactive and are available for visualization (and person-
alization) in the Supporting Information as .vtk files. The
reader is encouraged to take full advantage of this (see a tu-
torial in reference 8).

The 2D IMS contour maps of benzene and benzyne (1)
were first generated (Figure 1, a). In agreement with previ-
ous analyses, the map of benzene shows a dark blue circle
reminiscent of a Clar n-sextet,' while the map of benzyne
(1) shows a discontinuous dark blue area accounting for less
delocalization of its six-electron m-system indicating a com-
paratively weaker aromatic character. Considering that ben-
zyne (1) can also be regarded as a singlet biradical,’® its 2D
IMS contour map was also generated using unrestricted cal-
culations and found to be very comparable with the map of
1 in Figure 1, a (see Supporting Information, Figure S1, a).
As the benchmark reaction, we examined the [4+2] cyc-
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loaddition between benzyne (1) and furan (Figure 1, b).
This cycloaddition was computed as a concerted and syn-
chronous transformation with the two new C-C bonds
forming simultaneously,'® which allowed the identification
of three stationary points: the reactant complex 1-fu-
ran_rc, the transition state 1-furan_ts, and the product 1-
furan_pro (Figure 1, c). The 2D IMS contour maps of these
three stationary points were computed to visualize the
variations in aromaticity during this reaction. The map of 1-
furan_rc showed that the benzyne six-membered ring in
the reactant complex is more aromatic than in benzyne it-
self. The map of 1-furan_ts indicated a further increase in
the aromaticity of this ring, making the transition state the
most aromatic species of the overall transformation. This
result agrees well with earlier conclusions on the aromatic
character of the transition state in the Bergman cyclization
of (Z)-hexa-1,5-diyn-3-ene affording para-benzyne.*" Final-
ly, the map of 1-furan_pro revealed an aromatic character
of the product, albeit reduced when compared to benzene.
Next, the recently reported regioselective dimerization
of 1,2-benzo[c]phenanthryne (2) through a (2+2) annula-
tion was examined (Figure 2).17 Aryne 2 is a peculiar aryne.
Its precursors and reaction products are helically twisted in
their most stable conformations,!”'8 but aryne 2 itself is a
planar compound due to the absence of a hydrogen atom at
position 1, resulting in no significant repulsive van der
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Figure 1 (a) 2D IMS contour maps of benzene and benzyne (1). (b) Gibbs free-energy profile of the [4+2] cycloaddition between benzyne (1) and furan
(results obtained from reference 16 and re-computed for homogeneity). Electronic energies (E) are provided in the Supporting Information (Figure S1,
b). Relaxed scan between the reactant complex and the separated substrates showed the first step is a barrierless process. (c) 2D IMS contour maps of
the three stationary points identified in (b); analysis was performed in the plane located 1 A above the aromatic six-membered ring on the side of the

oxygen atom, that is in front of the depicted systems.



Waals interactions. Because of this, it was decided to visual-
ize delocalization and (anti)aromaticity in aryne 2 by a 2D
IMS contour map, while 3D maps were employed to exam-
ine (anti)aromaticity during its dimerization. Examination
of the map of aryne 2 shows different delocalization pat-
terns at the two terminal rings, revealing less delocalization
in the dedihydrogenated reactive ring 2 (Figure 2, a), a situ-
ation comparable to benzyne (1) vs benzene in Figure 1. The
dimerization of aryne 2 leading to the helically twisted di-
mer 2-dimer_pro was earlier computed as a stepwise pro-
cess in which London dispersion is governing the regiose-
lectivity.!” Formation of the C2-C2' bond occurs first
through a barrierless dimerization affording the biradical
intermediate 2-dimer_int, and the latter then undergoes
rotation around the newly formed C(sp?)-C(sp?) single bond

(a) >Z—/><

through the transition state 2-dimer_ts and cyclization to
give the product 2-dimer_pro (Figure 2, b). In the map of
intermediate 2-dimer_int, there is no visible conjugation
between the two tetracyclic units as indicated by the neu-
tral color over the C(sp?)-C(sp?) single bond (Figure 2, c). As
for the cycloaddition examined in Figure 1, the rotation
transition state 2-dimer_ts is seemingly the most aromatic
species of the reaction though the effect is little in this case.
The (2+2) dimer 2-dimer_pro contains a four-membered
cyclobutadiene ring at its core. This ring contains four con-
jugated m-electrons and is Hiickel antiaromatic. The local
antiaromatic character of the cyclobutadiene ring is clearly
rendered in the corresponding map with a dark red color
area in the middle of this ring and a reduced aromatic char-
acter of the two vicinal six-membered rings.
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Figure 2 (a) 3D IMS contour map of benzo[c]phenanthrene and 2D IMS contour map of 1,2-benzo[c]phenanthryne (2). The 3D IMS contour map of
1,2-benzo[c]phenanthryne (2) is provided in the Supporting Information for comparison. (b) Relaxed scan of the C2-C2' distance showing a barrierless
formation of 2-dimer_int, and Gibbs free-energy profile of the annulation step leading to 2-dimer_pro (results obtained from reference 17 and re-
computed for homogeneity). Electronic energies (E) are provided in the Supporting Information (Figure S2). (c) 3D IMS contour maps of the three

stationary points identified in (b).



The next examined aryne was 7,8-[5]helicyne (3), a
contorted aryne with a torsion (that is, the maximal dihe-
dral angle between two nonadjacent C-C bonds in the
aryne six-membered ring) of 9.9° (Figure 3).1° One conse-
quence of the torsion in aryne 3 is that its aromatic m-sys-
tem and its reactive 2n-system are no longer perpendicular
and overlap to some degree. Also, the - and m-systems are
no longer strictly separated and overlap to some extent.

Analysis of m-electron delocalization in contorted molecules
is not straightforward. Visualization of electron delocaliza-
tion in the contorted aryne 3 was realized through 3D IMS
contour maps (Figure 3). As for benzyne (1) and 1,2-ben-
zo[c]phenanthryne (2), 7,8-[5]helicyne (3) shows some lo-
calized character of the m-electrons around the triple bond
when compared to [5]helicene (Figure 3, a). The [4+2] cyc-
loaddition of aryne 3 with furan afforded the corresponding
cycloadduct 3-furan_pro in good yield.'*® Modeling of this
reaction by DFT methods revealed a concerted asynchro-
nous process through the transition state 3-furan_ts (Fig-
ure 3, b), contrasting with the synchronous mechanism
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identified for the reaction of benzyne (1) with furan (Figure
1). This difference may be attributed to the torsion in aryne
3. The maps of the reactant complex 3-furan_rc and the
transition state 3-furan_ts are comparable with a slightly
augmented delocalization prior to bond formation in 3-fu-
ran_ts (Figure 3, c). The map of the cycloadduct 3-furan_pro
shows a delocalization pattern comparable with the one in
[5]helicene.

Finally, aromaticity in corannulyne (4),2° another kind
of contorted aryne showing a torsion of 10.0°, was exam-
ined (Figure 4, a). A comparison of its 3D IMS contour map
(both faces) with the map of corannulene?' is consistent
with the previous observations, showing a more localized
character of the m-electrons around the triple bond in cor-
annulyne (4). The [4+2] cycloaddition of corannulyne (4)
with anthracene afforded the corresponding cycloadduct 4-

anthracene_pro,?°® and modeling of this cycloaddition re-
vealed a concerted synchronous process through the transi-
tion state 4-anthracene_ts (Figure 4, b). The transition
state 4-anthracene_ts is the most aromatic species of the
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Figure 3 (a) 3D IMS contour maps of [5]helicene and 7,8-[5]helicyne (3). (b) Gibbs free-energy profile of the [4+2] cycloaddition between 7,8-[5]heli-
cyne (3) and furan. Electronic energies (E) are provided in the Supporting Information (Figure S3). Relaxed scan between the reactant complex and the
separated substrates showed the first step is a barrierless process. (c) 3D IMS contour maps of the three stationary points identified in (b).
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Figure 4 (a) 3D IMS contour maps of corannulene and corannulyne (4). (b) Gibbs free-energy profile of the [4+2] cycloaddition between corannulyne
(4) and anthracene. Electronic energies (E) are provided in the Supporting Information (Figure S4). Relaxed scan between the reactant complex and the
separated substrates showed the first step is a barrierless process. (c) 3D IMS contour maps of the three stationary points identified in (b).

reaction, which is clearly visible on both faces of its map
(Figure 4, c). The map of 4-anthracene_pro allows visual-
ization of the three independent w-systems of this peculiar
n-elongated triptycene derivative, as well as the differences
in the electronics of their two respective faces.

In summary, multidimensional IMS contour maps were
used to visualize electron delocalization and aromaticity in
some selected arynes and their reactions. Benzyne (1), 1,2-
benzo[c]phenanthryne (2), 7,8-[5]helicyne (3), and coran-
nulyne (4) were examined. The results show that the aro-
matic m-system of arynes is not much affected by the reac-
tion of their 2m-acetylenic system, even for the contorted
arynes 3 and 4. However, some trends could be identified.
Arynes, planar or not, show a somewhat localized pattern
at their triple bond when compared to the corresponding
arenes. As a general feature, within the limits of the exam-
ined reactions, it was found that the transition states of
their [4+2] cycloadditions with furan (for arynes 1 and 3)
and with anthracene (for aryne 4), and the transition state
of their annulative (2+2) dimerization (for aryne 2), are the

most aromatic species of these transformations. Overall,
multidimensional IMS contour maps facilitated the analysis
of electron delocalization and aromaticity in arynes and
their reactions.
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